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Temporal variations in free core nutation period∗ 
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Abstract  Based on the nearly diurnal resonance in the tidal gravity observations, the temporal variations in period of the 
Earth’s free core nutation (FCN) are investigated by using the tidal gravity observations of 18-year duration recorded continu-
ously with a superconducting gravimeter (SG) at Brussels. The effects of the global oceanic tide loading and local barometric 
pressure on the SG observations have been removed by using eleven high-precision global digital models of oceanic tides and 
barometric pressure measurements recorded simultaneously at the same site. The results indicate that there exist decade-scale 
variations in the FCN period. The results should be further confirmed by the measurements using other space-based geodetic 
techniques (such as the very long baseline interferometry) and the SG observations from globally distributed stations. 
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1 Introduction  

The Earth’s free core nutation (FCN) is a retro-
grade free nutational normal mode due to the interaction 
between the solid mantle and fluid core confined by a 
deformable solid elliptical core-mantle boundary (CMB). 
It behaves as the nearly diurnal free wobble (NDFW) 
with a period of about one day in the terrestrial refer-
ence frame. The eigenfrequency of the NDFW, σnd, de-
pends upon ellipticity of the CMB and elasticity in the 
mantle. As a result, the measurements and investigation 
of the FCN will provide significant clues and constraint 
to the studies of the core mantle coupling, the shape of 
the CMB in global scale and the distribution of the 
physical properties near the CMB. An internal pressure, 
coming from misalign of the instantaneous rotational 
axis of the elastic solid mantle and the fluid core due to 
ellipticity of the CMB and exerting on the mantle, will 
occur and lead to deformation on the CMB and changes 
in the measurements of Earth’s tides (e.g., tides of grav-
ity, tilt, strain) and forced nutations (e.g., very long 
baseline interferometry, shorten as VLBI) on the Earth’s 
surface. In tidal gravity observations, resonant enhance-
ment will occur in the observations of some diurnal tidal 
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waves with frequencies closed to the eigenfrequency of 
the NDFW such as P1, K1, Ψ1 and Φ1. Based on the 
resonant pattern in the diurnal tidal gravity observations, 
the Earth’s FCN can be investigated and the corre-
sponding resonance parameters, including the period, 
quality factor and resonance strength of the FCN, can be 
retrieved. The results show that the FCN period is about 
430 sidereal days seen from inertial space (Neuberg et al, 
1987; Florsch et al, 1991; Cummins and Wahr, 1993; 
Merriam, 1994; Defraigne et al, 1994; Xu et al, 2002; 
Sato et al, 2004; Herring et al, 1986) and about 30 side-
real days shorter than the one predicted theoretically on 
the assumption that the Earth is in hydrostatic equilib-
rium (Wahr, 1981; Mathews et al, 1991a, b). It may at-
tribute to the dynamical ellipticity of the fluid core of 
the Earth about 5% larger than one expected for hydro-
static equilibrium (Cummins and Wahr, 1993; Xu et al, 
2002). However, previous studies suggested that there 
was a little difference for the FCN periods retrieved 
while using the data in different observing periods. Does 
this difference come from the temporal variations in the 
FCN period? 

From the previous similar studies (Neuberg et al, 
1987; Florsch et al, 1991; Cummins and Wahr, 1993; 
Merriam, 1994; Defraigne et al, 1994; Xu et al, 2002; 
Sato et al, 2004; Herring et al, 1986), it is found that the 
period has the highest precision in the retrieved FCN 
parameters. Long-term accumulation of the measure-

Doi: 10.1007/s11589-009-0331-8 



 Earthq Sci (2009)22: 331−336 332 

ments with the superconducting gravimeter (SG) pro-
vides a possible potential to study the temporal varia-
tions in the FCN period due to its high stability and pre-
cision. In this study, the continuous SG observations of 
18-year duration at Brussels will be processed compre-
hensively. The loading effects of local barometric pres-
sure are removed by using station pressure records. The 
loading effects of the oceanic tides are simulated by us-
ing eleven high-precision digital models of global oce-
anic tides and then removed from the SG observations. 
The gravimetric parameters will be accurately deter-
mined in order to retrieve the FCN parameters. Then, 
the time changes in the FCN period will be investigated 
in this study. 

2 SG observations and loading correc-
tion of oceanic tides and pressure 

In order to discuss the temporal changes in the 
FCN period, we separate the SG continuous tidal gravity 
observations of 18-year duration at Brussels from April 
21, 1982 to August 21, 2000 into several segments. All 
the data have been preprocessed. The length of each data 
segment with an overlap of a half year is chosen as one 
and a half years so as to obtain accurately the signatures 
of tidal waves Ψ1 and Φ1. The 36 tidal wave groups, 
including 20 diurnal, 13 semidiurnal, two terdiurnal and 
one quarterdiurnal wave groups, are successfully sepa-
rated, and their gravimetric parameters (i.e., amplitude 
factor δ  and phase difference Δϕ) and atmospheric 
gravity admittance C (i.e., the transform function be-
tween the local pressure and gravity) are accurately 
evaluated by using the software package Eterna (Wenzel, 
1996). The HW95, high-precision expansion catalogue 
of tide-generating potential (Hartmann and Wenzel, 
1995), is adopted in the harmonic analysis. The results 
indicate that the tidal gravity observations from the SG 
at Brussels are very precise, and the standard deviation 
is less than 0.2×10−8 m⋅s−2. 

The loading effects of global barometric pressure, 
which can be simulated theoretically by means of global 
convolution integration of ground-based pressure meas-
urements and atmospheric gravity Green’s functions, are 
an important noise resource in tidal gravity observations. 
However, it is found that over 90% of the loading effects 
of global pressure come from a region within 50 km 
around the station (Merriam, 1992; Niebauer, 1988; Boy 
et al, 2002), and the correlation coefficient between the 
pressure variations at the station and its adjacent area is 

greater than 95%. Therefore, the change pattern of the 
local pressure can be described as the pressure changes at 
the station so that it is an ideal way to remove the loading 
effects of barometric pressure in gravity observations 
(Kroner and Jentzsch, 1999; Sun and Luo, 1998; Xu et al, 
1999). The results indicate that gravity admittance of 
local pressure C is in the range from −0.390 4×10−8 
(m⋅s−2)/hPa to −0.316 0×10−8 (m⋅s−2)/hPa from 1982 to 
2000 at Brussels, and −0.348 7×10−8 (m⋅s−2)/hPa on av-
erage. This result is in good agreement with those from 
the theoretical simulation and previous similar meas-
urements (Niebauer, 1988; Merriam, 1992, 1993; 
Crossley et al, 1995; Sun and Luo, 1998; Kroner and 
Jentzsch, 1999; Xu et al, 1999, 2004; Boy et al, 2002). 

Only the diurnal tidal gravity observations are re-
lated to the FCN resonance and concerned in this study.  
Thanks to its high ratio of signal to noise and less influ-
ence from surrounding environment disturbance, tidal 
wave O1 is regarded as an example to analyze the tem-
poral variations in the gravimetric amplitude factors of 
the diurnal tides observed with the SG at Brussels. Fig-
ure 1 depicts time changes in the amplitude factor δ of 
O1 from 1982 to 2000. Meanwhile, those for the tidal 
wave M2 are also described in Figure 1 for comparison. 
From Figure 1, it is found that the amplitude factor of 
O1 locates in the range of 1.152 51 and 1.155 25, and is 
about 1.153 33 on average. The magnitude of its varia-
tions is less than ±0.17% and slightly greater than the 
one for the amplitude factor of M2. It implies that the 
SG measurements are very stable. However, it is found 
that the changes in the amplitude factors of O1 and M2 
correlate strongly to each other, and the correlation co-
efficient is almost as large as 100% before 1990. On the 
contrary, they do not correlate at all after 1990. It sug-
gests that there probably exist the scale problems in the 

 

Figure 1 Temporal variation in the gravimetric amplitude 
factors δ  of tidal waves O1 and M2. 
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observations before 1990. Therefore, in order to weaken 
the effects of calibration discrepancy on the final results, 
the determined gravimetric amplitude factors of O1 and 
M2 are scaled to reference values provided in the global 
experimental model for gravity tides (Xu et al, 2004), in 
which the tidal gravity observations from a worldwide 
SG network, the loading effects of global oceanic tides, 
the nearly diurnal resonance and the latitude dependence 
of amplitude factors are taken into account. The resulted 
gravimetric parameters in diurnal frequency band are 
much closed to those provided in the theoretical model 
developed by Mathews (2001), while the gravimetric 
parameters in semidiurnal frequency band are more 
closed to those developed by Dehant et al (1999). 

The loading effects of global oceanic tides are the 
predominant noise in the observations of gravity tides. 
The loading correction vector L(L, λ) to a certain gravity 
tidal wave can be deduced by means of global convolu-
tion integration of the gravity Green’s functions under 
surface loads and the height of the oceanic tide wave 
(Xu and Mao, 1988; Agnew, 1997), and then removed 
from the tidal gravity observations. In this study, eleven 
high-precision models of global oceanic tides, including 
Sch80 (Schwiderski, 1980), Csr3.0 (Eanes and Bettad-
pur, 1995), Csr4.0 (Eanes and Schuler, 1999), Fes952, 
Fes99, Fes02 (Le Provost et al, 1994; Lefèvre et al, 
2002), Tpxo02 (Egbert et al, 1994), Ori96 (Matsumoto 
et al, 1995), Ag95 (Andersen, 1995), Nao99 (Matsumoto 
et al, 2000) and Got00 (Ray, 1999), are used to remove 
accurately the oceanic tide loading from the SG tidal 
gravity observations. These oceanic tide models have 
been adopted widely in the ground- and space-based 
geodetic techniques. Figure 2 depicts the amplitudes of 
observed residuals (phasor difference of the observed 
vector and its theoretical prediction of a certain signa-
ture) of tidal waves O1 and M2 measured with the SG at 
Brussels before and after removal of loading effects of 
the oceanic tides. It is well known that Brussels locates 
on the central Europe, where the loading effects of 
global oceanic tides on tidal gravity observations mainly 
come from the contribution of the oceanic tides in the 
Atlantic ocean. Their effects on the gravity tides in the 
semidiurnal band are much more significant than those 
in the diurnal band. In consideration of the tidal gravity 
observations with the SG, it is found that there is some 
uncertainty in oceanic tide models and no model is deci-
sively better than the others for loading correction to 
tidal gravity observations by using different oceanic tide 
models (Baker and Bos, 2001; Boy et al, 2003; Xu et al, 

2004; Sun et al, 2005; Ducarme et al, 2007). It is sug-
gested that a mean tidal loading vector based on plural 
oceanic tide models should give the most stable solu-
tions for the tidal gravity observations, especially for the 
study of liquid core resonance (Xu et al, 2004; Sun et al, 
2005; Ducarme et al, 2007). In this study, the mean 
loading vector based on all eleven models is used as the 
final loading correction vector for a certain tidal com-
ponent in order to depress effectively uncertainty in an 
individual oceanic tide model. 

 

Figure 2 Residual amplitude of waves O1 and M2 after 
removal of oceanic tide loading. Each group of histograms 
represent the residual amplitude for no oceanic tide correc-
tion and removal of the oceanic tide loading by using the 
oceanic tide models Sch80, Csr3.0, Csr4.0, Fes952, Fes99, 
Tpxo02, Fes02, Ori96, Ag95, Nao99，Got00 and their mean, 
respectively, in turn from left to right. 

Most of the oceanic tide models only involve the 
co-tidal maps of the main tidal components including 
four diurnal and four semidiurnal waves (i.e., Q1, O1, P1, 
S1, N2, M2, S2 and K2). The loading vectors of other 
weaker components, especially those of the diurnal tidal 
waves with frequency near the NDFW eigenfrequency 
(e.g., Φ1 and Ψ2), should be estimated by means of in-
terpolation or extrapolation in frequency domain ac-
cording to the simulated loading vectors of these eight 
tidal components (Xu et al, 2004; Sun et al, 2005). In 
the procedure of interpolation or extrapolation, the 
heights of equilibrium tides and the nearly diurnal reso-
nant pattern of oceanic tides (Wahr and Sasao, 1981) are 
taken into account. 

3 Estimation of the FCN resonance 
parameters 

The existence of the FCN results in the nearly di-
urnal resonance in tidal gravity observations. The gra-
vimetric parameters of a certain diurnal tidal component 
with frequency σ close to the NDFW eigen-frequency 

nd
~σ  (e.g., P1, K1, Ψ1 and Φ1) should be resonantly en-
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hanced, and can be described as (Xu et al, 2002; Hind-
erer et al, 1991) 
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σr+iσi the complex eigen-frequency of the NDFW. The 
quality factor of the NDFW can be expressed as Q = 
σr/(2σi). In tidal gravity observations, the tidal wave O1 
is regarded as a reference due to its high ratio of signal 
to noise and less influence from surrounding environ-
ment disturbances. Meanwhile, its observations are little 
influenced by the FCN resonance due to its frequency 
far away from the NDFW eigen-frequency. The corre-
sponding signatures of O1 are removed from equation (1) 
in order to depress the influences of the local back-
ground perturbations on the simulation of the FCN pa-
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Based on equation (2) or its reformation, the FCN 
resonance parameters can be retrieved by using the tidal 
gravity observations from a certain station or plural sta-
tions (Neuberg et al, 1987; Florsch et al, 1991; Cum-
mins and Wahr, 1993; Merriam, 1994; Defraigne et al, 
1994; Xu et al, 2002; Sato et al, 2004). As well known, 
the SG used in tidal gravity measurements is a relative 
gravimeter and should be calibrated in order to deter-
mine both the scale factor and response lag. From equa-
tion (2), it is easily found that the calibration error in-
volved in the tidal gravity observations would signifi-
cantly lead to systematical discrepancy in estimation of 
the FCN parameters. In order to depress the effects of 
calibration error, the left-hand and right-hand sides of 
equation (2) are divided by the observed and theoretical 
gravimetric parameters of O1, respectively. Retaining the 
predominant component, we have  
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with ir
i

0 ie/~~ 0 ssas +== Δϕδ , called still the resonance 
strength. From equation (3), it is found that the ratio of 

the amplitude factors in the left-hand side may signifi-
cantly depress the effects of the discrepancy in calibra-
tion of the scale factor, while the difference of the phase 
differences should reduce the effects of the discrepancy 
in calibration of the response lag.  

From the previous studies, it is found that the qual-
ity factor of the FCN, Q, is sometimes retrieved as a 
physically impossible negative value because the (abso-
lute) value of σi is extremely small and usually in the 
same order of the estimated error. Following the sugges-
tion by Florsch and Hinderer (2000), prior information 
for Q, a non-negative function, is introduced into the 
computation model in order to avoid this problem, it is 
given as 
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Substituting equation (4) into equation (3), the computa-
tion model for the FCN parameters is improved as 
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Based on equation (5), the FCN parameters, including 
its period, can be retrieved by using the SG tidal gravity 
observations. In order to estimate well the FCN period, 
the Q value is constrained to be no greater than 106.  

In order to discuss the influences of uncertainty in 
the oceanic tide models on evaluation of the FCN, the 
tidal gravity observations with the SG in 1983 are cho-
sen as an example. Based on the eleven oceanic tide 
models, the oceanic tide loading are removed and then 
the FCN parameters are retrieved, respectively. The nu-
merical results indicate that the different oceanic tide 
models significantly result in differences of several si-
dereal days in the retrieved FCN period. While the mean 
loading vector based on all eleven models is used as the 
final loading correction vector for each tidal component; 
the FCN period is retrieved as (432.2±41.5) sidereal 
days closed to the results obtained in the previous stud-
ies (Neuberg et al, 1987; Florsch et al, 1991; Cummins 
and Wahr, 1993; Merriam, 1994; Defraigne et al, 1994; 
Xu et al, 2002; Sato et al, 2004; Herring et al, 1986). It 
implies that mean loading vectors of plural oceanic tide 
models can significantly depress uncertainty in those 
from an individual model and lead to more acceptable 
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estimation of the FCN period. 
The FCN parameters are retrieved for each data 

segment of one and a half years duration with an overlap 
of a half year, and then the temporal variations in the 
FCN period are obtained and presented in Figure 3 
based on the 18-year SG measurements at Brussels. It is 
found that there is significant difference in the evaluated 
FCN period for different observing intervals. It is in the 
range of 414.5−478.8 sidereal days, and 442.5 sidereal 
days on average. In general, the FCN period retrieved in 
this study is significantly different from the one evalu-
ated by stacking the observations from globally distrib-
uted stations due to the influences of local environment 
perturbations, uncertainties in the oceanic tide models 
and possibly systematical discrepancy in measurements 
of an individual instrument. However, because these 
effects always occur during the whole measurements, 
they should not distort heavily the long-term trends of 
time changes in the FCN period. From the numerical 
results shown in Figure 3, it is found that there probably 
is a long-term trend of about decade-scale variations in 
the FCN period. In the consideration of the relatively 
large standard deviation of the FCN period based on 
tidal gravity observations with an individual SG, the 
results should be confirmed by the other space-based 
geodetic techniques (such as VLBI) and the SG obser-
vations from globally distributed stations. 

 

Figure 3 Temporal variations in the FCN period, TFCN in 
unit of sidereal day, retrieved from the SG observations at 
Brussels. 

The previous studies indicated that the FCN period 
is strongly dependent on the dynamic ellipticity of the 
core and elasticity in the mantle (Mathews et al, 1991a, 
b). In addition, the environment perturbations would be 
involved in the tidal gravity observations and then also 
affect the retrieved FCN period. However, in the most 
significant perturbations, including the variations in local 

and global barometric pressure and hydrological move-
ments, and their associated geodynamical phenomena, 
no decade variations have been found. Therefore, the 
decade variations in the FCN period should be related to 
dynamical behaviors in the Earth’s interior. It is found 
that there also exist the decade variations in the length 
of day (LOD, i.e., Earth’s rotational rate) which should 
come from the contribution of the electromagnetic cou-
pling between the core and the mantle (Pais and Hulot, 
2000). This fact may provide a possible clue for the 
mechanism of the FCN period variations in the same 
scale. On the one hand, the electromagnetic coupling 
between the core and the mantle will lead to changes of 
several days in the FCN period. On the other hand, there 
are obviously decade variations in the LOD related to 
the electromagnetic coupling between the core and man-
tle. The LOD decade variations would result in the cor-
responding changes in the dynamic ellipticity of the 
whole Earth and its core. In a word, electromagnetic 
coupling at the core-mantle boundary probably is one of 
the sources of the decade variations in the FCN period. 
Of course, the relatively large standard deviation of the 
FCN period retrieved from the observations of an indi-
vidual SG does not allow us to discuss further the me-
chanics of temporal variations in the FCN period so far. 

4 Conclusions 
After effective loading correction of the local at-

mospheric pressure and oceanic tides, the FCN parame-
ters, especially the FCN period, can be well retrieved by 
using the tidal gravity observations with the SG at an 
individual station. There are some uncertainties in the 
oceanic tide models, which cause the difference of sev-
eral days in the estimated FCN period. However, while 
the mean loading vector based on all eleven models is 
used as the final loading correction vector for each tidal 
component, the effects of uncertainty on the evaluated 
FCN period can be depressed significantly and result in 
more acceptable estimation. The computation model for 
the FCN parameters is improved in order to depress the 
effects of local environment background noise and cali-
bration errors of the instrument upon the retrieval of the 
FCN parameters. However, it is found that the resulted 
FCN period from the SG tidal gravity observations at 
individual Brussels is slightly different from the one by 
stacking the observations from globally distributed sta-
tions due to the influences of local environment pertur-
bations, uncertainties in the oceanic tide models and 
possibly existed systematical discrepancy in measure-
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ments of an individual instrument. There exist decade- 
scale variations in the FCN period. Of course, the results 
should be confirmed by other space-based geodetic 
techniques (such as the VLBI) and the SG observations 
from globally distributed stations. The mechanism of 
temporal variations in the FCN period should be inves-
tigated further. 
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